Inductive wireless power transfer (WPT) can be used to power implanted as well as wearable medical devices, such as a percutaneous auricular vagus nerve stimulation device. This device is placed on the neck of the patient and is connected to needle electrodes in the auricle. With regard to WPT, limitations on exposure to electric and magnetic fields should not be exceeded. Furthermore, these fields should not interfere with the therapeutic goal of stimulation, i.e., with unintended peripheral nerve stimulation in the auricle. These effects are investigated by numerical simulation of induced internal fields in the head and neck and, for the first time, subsequent neuronal simulations, quantifying the potential of neuronal excitation by the fields in the auricle in particular. Internal electric field values were in the range of 1%-5% of the ICNIRP 2010 basic restrictions, and current densities were in the range of 30%-45% of the ICNIRP 1998 basic restrictions, indicating that all tested configurations are conform the guidelines. Basic restrictions on heating of tissue turned out not to be of relevance for this application. Thresholds for neuronal stimulation were two orders of magnitude higher than the induced fields, suggesting that there is almost no risk for unintended stimulation.
I. INTRODUCTION
Wearable medical devices are playing an increasingly important role in healthcare today. As with any other electrical device, sufficient power is needed to keep the device running, while delivering and storing this energy might be a challenge. Wireless power transfer (WPT) by means of inductive coupling has a number of advantages that often make it the best suited method for several medical devices.
In particular, WPT can be used to power percutaneous auricular vagus nerve stimulation (pVNS) devices such as in [1] and [2] . These devices are placed on the head or neck as shown in Fig. 1 , and are connected to a number of needle electrodes which are placed in the auricle. While this is not an implanted device, WPT offers a number of benefits over a wired connection for power supply. Since no physical connection is needed for power transfer and/or data transfer, the device design can be optimized towards a green technology.
However, a possible side effect to take into account, is the generated magnetic fields. The resulting induced electric fields and circular currents might lead to peripheral nerve stimulation and to a lesser extent, heating, although the latter is not expected to be an important factor at the frequencies of WPT (100 kHz -200 kHz). Limits on the specific absorption rate (SAR), which are intended to restrict heating in the body, have to be considered at frequencies between 100 kHz and 10 GHz [3] . However, limitations on current densities (which have to be considered in the range 1 Hz -10 MHz [3] ) are more likely to be critical than limitations on SAR.
Numerical exposure studies have already been conducted for active implantable medical devices and WPT in the proximity of the body in humans and animals [4] , [5] , [6] , [7] . These studies have not yet combined an exposure assessment with subsequent neuronal simulations, directly quantifying the effect on peripheral nerves.
This study aims to quantify the electric and magnetic fields in the head and neck, and more specifically in the auricle by means of numerical simulations using a heterogeneous human head model. Subsequently, these values will be compared to the applicable limitations on exposure of humans to electromagnetic fields as defined by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [3] , [8] . Finally, the actual potential of these fields to stimulate neurons in the auricle will be investigated. This is particularly interesting in the case of pVNS due to the proximity of the target neurons in the auricle to the coils used for WPT. Of course it should be avoided that WPT has an influence on the fields in the auricle in such a way that the intended stimulation by needle electrodes is disturbed with potentially altered therapeutic effect as a result.
Moreover, it is interesting to compare the ICNIRP basic restrictions (BR), which are meant among others to limit peripheral nerve stimulation, with actual stimulation thresholds for the case of WPT for pVNS.
II. MODELS AND METHODS
The electric and magnetic fields, exposure and neural activation resulting from WPT to transfer energy to a wearable pVNS device are investigated [9] . Numerical models of both the pVNS device and a human head are used in combination with simulation software to obtain the internal fields.
A. Model of pVNS device
The model of the pVNS device, wherein WPT takes place, consists of a plastic housing, a transmitter coil with 10 turns attached to a 0.5 mm circular ferrite plate and a receiver coil with two layers of 11 turns each, a battery with metal housing, and fiberglass PCBs.
The magnetic field of the coils is excited by a source current in the primary coil which is limited to 2 A. Simulations are carried out at three different frequencies: 130 kHz, which is the intended frequency of use, 100 kHz and 200 kHz, which define a usual range for WPT applications, according to [10] .
B. Anatomical models
For the human head, the MIDA-model [11] was used, which is a high resolution model containing 153 structures of the head. This model is used to assess the exposure and maximum field values in the different tissues, which are to be compared to the exposure guidelines [3] , [8] . Values of electrical and magnetic properties of the different tissues are included in the model. Only the conductivity of the skin was changed. This value was set to 0.2 S/m, according to [12] instead of 0.00045 S/m (100 kHz), 0.0006 S/m (130 kHz) and 0.001 S/m (200 kHz) as defined by the original model [11] . In order to be able to investigate the effect of the fields in the auricle with sufficient detail, a high resolution and more realistic model of the auricle by [2] , especially composed for the investigation of pVNS, was added to the simulations. This anatomical model contains neurons corresponding to the locations of the auricular branch of the vagus nerve. Both the auricular cartilage and skin have conductivity values of 0.2 S/m [2] . The model and locations of neurons is illustrated in Fig. 2 .
For the reason of possible variations in the placement of the device, four different configurations are defined. In all four cases, the device is placed behind and slightly below the ear, but small variations in position and rotation angle exist. These configurations are called C1 -C4, and are shown in Fig 1. For C4 the auricle is closer to the coils than practical with respect to the housing dimensions, and could therefore be considered as a worst-case scenario. 
C. Electromagnetic simulations
Simulations are carried out using Sim4Life [13] , according to the numerical methodology of a similar study by [7] . The quasi-static electromagnetic approximation was used. The first step is to calculate the magnetic fields arising from the currents in transmitting and receiving coils. For this case, the Magnetic Vector Potential solver of the software is used, which calculates the H field, the B field and magnetic vector potential A for a given source current. The computational domain can consist of materials with variable magnetic permeability, perfect magnetic conductors and perfect electric conductors. The transmitting coil was operated with the maximum current of 2 A. The receiving coil is modeled as a perfect electrical conductor.
Secondly, the Magneto Quasi-Static solver is used to calculate the electric field and current density field in the lossy domain (σ = 0), assuming that ohmic currents dominate displacement currents. From these fields, the quantities of interest for the ICNIRP BRs [3] , [8] can be automatically calculated: For the electric field, the 99% value is taken for each tissue while current densities are averaged over a 1 cm 2 circular area perpendicular to the direction of the current. The SAR is calculated as well, averaging over 10 g of tissue.
D. Neuronal simulations
For the neuronal simulations, the internal fields in the anatomical model of the human auricle of [2] are used as an input. This model contains seven axons, located at regions of the auricle where the vagus nerve is prominent. The used neuronal model is the spatially extended non-linear node model (SENN-model) [14] . In order to simulate the worst case scenario, the axon diameter was set to 12 µm, which is the largest of possible diameters of the neurons of the vagus nerve in the auricle [15] and are therefore the most easily excitable [16] . The titration factor, which is the factor by which the stimulus (in this case the fields generated during WPT) has to be multiplied in order to induce spiking of axons, is calculated by the software. A titration factor larger than unity means that neurons will not be stimulated during WPT.
III. RESULTS AND DISCUSSION

A. Electric and current density field distributions
From the simulations for each of the configurations C1-C4 and each of the investigated frequencies (100 kHz -130 kHz -200 kHz), the electric field and current density field in the head and neck were obtained. Fig. 3 (a) and Fig. 3 (b) show the resulting fields for configuration C1 at 100 kHz.
The highest values for the electric field as well as for the current density are found in the skin of the ear and/or close to the device, depending on the configuration. The influence of varying tissue conductivity is visible as well, especially for the current density field. The 99% electric field value was extracted for each individual tissue and surfaceaveraged current density values were calculated for the whole model. Maximum values are shown in Table I and Table II respectively, together with the ICNIRP BR. Higher values are found at higher frequencies, which is in accordance with Faraday's law of induction. When comparing different configurations, it can be seen that the maximum electric field values can differ by a factor three. Configuration C2 results in the lowest and C4 in the highest values for every frequency.
B. Compliance with guidelines
From the results in section III-A, it is clear that the relevant maximum values for both the electric field and current density field are below the ICNIRP BR. This is visualized in Fig. 4 and Fig. 5 , which show the maximum field values as a percentage of the ICNIRP BR for each frequency. The values of the electric field are between 1% and 5% of the BR. This means that it is highly unlikely that the limits will be exceeded due to WPT by the device. For the current density, values are between 30% and 45% of the BR. While this is considerably higher than for the electric field, there is still more than a factor two of margin. It is also seen that variation of maximum current densities is lower than for electric field values (III-A). This lower variation suggests that other configurations than the four configurations tested, are less likely to induce current densities exceeding the limits, although only additional simulations can confirm this presumption. The SAR was calculated as well, and all values were between 0.00021% (C2 at 100 kHz) and 0.00168% (C4 at 200 kHz) of the 2 W/kg BR [3] . This was as expected at the relatively low investigated frequencies.
C. Neuronal excitation thresholds
The electric fields in the auricle were used to simulate the response of seven neurons by calculation of the titration factor. The results are summarized in Fig. 6 . For each combination of configuration number and frequency, the minimum value from all seven neurons was taken. Fig. 6 shows that the titration factors are very high. This indicates that the needed electric field for stimulation of any of the neurons needs to be more than two orders of magnitude higher than the actual field. It is very unlikely that WPT will result in neuronal stimulation and therefore interfere with the therapeutic goal of the device. These results are expected since the field values are below the ICNIRP BR. The lowest titration factors were obtained for neurons N6 and N7 (276 and 342 respectively). These are the closest to the device and correspond with the locations of high electric fields as well.
While these results show that no neural stimulation will be seen, there is still a large variation of the results (a factor 36 between N3 and N6) for only a limited total number of Fig. 6 . Minimum values of the titration factor for varying frequency and configuration, indicating that the investigated axons will not be stimulated as a result of WPT.
neurons. Therefore, investigation of more neurons with varying geometries and locations on the auricle, might add to the statistical significance of the results.
IV. CONCLUSION
The exposure of patients to the induced electric fields and current density fields by WPT was investigated by numerical simulations at different frequencies and different configurations, covering inter-user variability. The electric fields were in the range of 1% -5% of the ICNIRP BR and the current density fields were in the range of 30% -45%, indicating that the device is conform the guidelines for the tested setups. SAR values, which are four orders of magnitude or more below the limits, turned out to be irrelevant for this application at the investigated frequencies.
For the first time, the generated fields by WPT were directly used for neuronal simulations, which is especially interesting for pVNS, due to the proximity of the WPT device and the stimulation region. These simulations indicated that there is almost no risk for interference between WPT and pVNS, since stimulation thresholds were two orders of magnitude or more higher than the induced fields.
Seeing the variation between different configurations, investigation of additional configurations and non-sinusoidal waveforms/harmonics might be needed to confirm these results. Comparison of numerical simulations to measured field values around the device would add to the validity of the results as well.
